ABSTRACT This study has been carried out to develop new cathode materials for two types of thermionic cathode. First is concerning to the tungsten electrodes for the plasma furnace and welding torches. The second one is the electrodes for air plasma cutting torch. Tungsten electrodes activated with a single and combined additives of rare earth metal oxides, such as La203,Y203 and Ce02,are produced and pared with pure and thorLated tungsten electrode conventionally used, from the point of view of electrode consumption and deformation due to heavy loading, behavior of oxide during arc burning,etc.The results indicated excellent durability and properties of the newly developed electrodes than that of the conventional one. Concerning to the cathode materials for air plasma cutting torch,the consumptions of Re-Y203 and Ru-Y203 electrodes were compared with those of Hf and Zr electrodes which have been widely used. Ru including 10-35wt% Y203 showed lower consumption rates rather than Hf and Zr electrodes in the continuous and periodic operations.
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INTRODUCTION
Plasma torches using arc discharge have been designed for a wide spectrum of application including various material processing. They are successfully employed in extractive metallurgy, welding, cutting, spraying, surfacing, chemical synthesis, spheroidizing, and they are also used in space-related applications. For the many applications, one of the most serious problem is the electrode life1p2f3). In this study, the discussion will be restricted to the electrode effects and its related phenomena which influence the largest number of applications. A better understanding of these phenomena will lead to longer life of plasma torches and, consequently, improved torch design and improved control in thermal plasma process.
In this report, a brief summary of the important experimental results of two different thermionic cathode, which are the tungsten electrode activated with rare earth metal oxide additives used in inert gas atmosphere, and Ru-Y203 sintered electrode used in air-plasma cutting torch are presented.
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COLLOQUE DE PHYSIQUE

CATHODE MATERIALS FOR INERT ATMOSPHERE APPLICATION (W=ELECTRODE)
Tungsten e l e c t r o d e a c t i v a t e d with thorium oxide (Th02) h a s been widely used a s a thermionic cathode of a r c d i s c h a r g e . However r e c e n t plasma technology demands s u p e r i o r s t a b i l i t y and r e l i a b i l i t y f o r long term operation of tungsten a r c cathode. And t h e radioa c t i v i t y coming from t h e use of Thorium i s a l s o seems t o be u n d e s i r a b l e . This s t u d y was d i r e c t e d towards t h e production of v a r i o u s t u n g s t e n e l e c t r o d e s with s i n g l e and combined a d d i t i v e s of r a r e e a r t h metal oxides and comparing t h e i r o p e r a t i n g c h a r a c t e r i s t i c s .
. 1 EXPERIMENTAL PROCEDURE
The e l e c t r o d e s c o n t a i n i n g t h e o x i d e of 2wt0 of s i n g l e a d d i t i v e s o r combined a d d i t i v e s i n t o t a l amount, were produced by t h e c o n v e n t i o n a l powder m e t a l l u r g y . Used oxide a r e La203, CeO2 and Y203.
The power system was a c o n v e n t i o n a l c o n s t a n t c u r r e n t t y p e , and w i t h n e g a t i v e p o l a r i t y a d i r e c t c u r r e n t was a p p l i e d i n t h e e l e c t r o d e . Anode i s a copper water cooled anode. A c o n s t a n t a r c l e n g t h of 3mm and t o r c h o r i e n t a t i o n perpendicular t o t h e anode were used through t h e s e r i e s of t e s t l i k e t h e welding.
RESULTS AND DISCUSSIONS 2 . 2 . 1 ARC CHARACTERISTICS
Among t h e v a r i o u s t y p e s of t u n g s t e n cathodes a c t i v a t e d with s i n g l e a d d i t i v e s of r a r e e a r t h metal oxides, s u p e r i o r a r c c h a r a c t e r i s t i c s a r e provided by t h e W-La203, W-Y203 and W-Ce02 e l e c t r o d e s i n t h e o r d e r 4 ) . W-La203 e l e c t r o d e e x h i b i t e d t h e b e s t p r o p e r t i e s . Generally t h e s e t y p e s e l e c t r o d e s t a r t s e a s i l y and m a i n t a i n s s t a b l e a r c r o o t . Also, t h e y showed lower consumption r a t e s and l i t t l e d e f o r m a t i o n o f t h e t i p t h a n t h e o t h e r i n v e s t i g a t e d e l e c t r o d e s . In t h e c a s e of combined a d d i t i o n s , t h e e l e c t r o d e s a c t i v a t e d with t h r e e a d d i t i v e s , e s p e c i a l l y t h e e l e c t r o d e which have t h e mixing r a t i o of La203: CeO2: Y203 a s l : 1: 3 r e s p e c t i v e l y , have a s u p e r i o r c h a r a c t e r i s t i c s t h a n t h a t of t h e e l e c t r o d e s a c t i v a t e d with s i n g l e and two a d d i t i v e s .
ELECTRODE DURABILITY
From t h e c o l l e c t e d d a t a f o r long t i m e o p e r a t i o n and t h e appearance of t h e e l e c t r o d e t i p of a l l i n v e s t i g a t e d e l e c t r o d e s , t h e following becomes obvious.
(1) Among t h e e l e c t r o d e s a c t i v a t e d with s i n g l e a d d i t i v e s , W-La203 and W-Ce02 e l e c t r o d e s e x h i b i t e d good appearance, with l i t t l e m e l t i n g and v e r y s m a l l s i z e of " r i m " which i s formed j u s t behind t h e a r c r o o t a r e a . However i n t h e c a s e of W-Th02 e l e c t r o d e "rim" was formed, and t h e e l e c t r o d e t i p was s e v e r e l y melted. I n t h e c a s e of W-Y203 e l e c t r o d e , t h e r i m was a l s o formed while t h e e l e c t r o d e t i p showed not so s e v e r e m e l t i n g l i k e i n t h e c a s e of W-Th02 e l e c t r o d e .
( 2 ) The e l e c t r o d e a c t i v a t e d with t h r e e combined a d d i t i v e s of 2wt0 i n t o t a l amount showed good and s u p e r i o r d u r a b i l i t y , a s shown i n Fig.1, compared w i t h e i t h e r t h e e l e c t r o d e s a c t i v a t e d with two combined a d d i t i v e s o r W-La203 e l e c t r o d e which s u f f e r from m e l t i n g i n very long time o p e r a t i o n . A l l of t h e s e e l e c t r o d e s have a r a t h e r small r i m near t h e t i p comparing with o t h e r e l e c t r o d e s .
METALLOGRAPHIC EXAMINATION In o r d e r t o c l a r i f y t h e d i f f e r e n c e among t h e s e e l e c t r o d e s and t h e e f f e c t of mixing r a t i o s o f o x i d e s on a r c c h a r a c t e r i s t i c s , it i s n e c e s s a r y t o make a s t u d y on t h e comparable m e t a l l u r g i c a l c h a r a c t e r i s t i c s and t h e b e h a v i o r of t h e s e o x i d e d u r i n g o p e r a t i o n . [Tungsten e l e c t r o d e a c t i v a t e d with s i n g l e a d d i t i v e ]
Figure 2 shows t h e m e t a l l u r g i c a l m i c r o s t r u c t u r e of t h e e l e c t r o d e s a f t e r one hour o p e r a t i o n . Pure tungsten e l e c t r o d e t e n d s t o r e c r y s t a l i z e and form l a r g e g r a i n , while some a c t i v a t e d e l e c t r o d e s ( s u c h a s W-Th02 and W-ZrO2) t e n d t o l o s e t h e o x i d e s and s t a r t forming l a r g e t u n g s t e n c r y s t a l s a t t h e t i p a s i n c a s e of W-Th02, o r s e v e r e melting of t h e t i p a s i n c a s e of W-Zr02. However, W-La203, W-Ce02 and W-Y203 e l e c t r o d e s showed more s t a b l e s t r u c t u r e . Electrode were investigated by X-ray diffraction analysis after arc operation and the results are shown in Fig.3 . Generally the rare earth metal oxides react with tungsten forming tungstate, or oxy-tungstate. The melting point of those tungstates and oxy-tungstate are lower than that of oxides or tungsten. On the other hand, in the case of W-Th02, no tungstate or oxy-tungstate is detected. Thus the Th02 is believed to react with tungsten forming pure Thorium during operation. Figure 4 shows schematic illustration of the suggested migration mechanism and the different behavior of oxides accompanied with the temperature distribution ( as will be shown later ) . Moreover the oxide distribution inside the electrode after operation is shown schematically case by case. And following are concluded.
(1) Tungstate and oxy-tungstate of rare metal oxide melt and migrate from the lower temperature zone to the higher temperature zone along the grain boundaries ( whieh have a longitudinal shape ) due to capillary driven phenomena. Therefore the melting point and liquid properties of these compound, the morphology of the boundary and temperature distribution have decisivs effects on the feeding mechanism of oxide element to the electrode tip. (2) The highest migration rate among those oxide is shown by Ce02. A large portion of Ce02 has changed to Ce203 during sintering and arc operation. These oxides have lower melting points ( even the oxide itself and the tungstate also have lower melting point ) . This tungstate easily migrates and it is continuously fed to the electrode tip. Thus, the consumption rate of the oxide is much higher. (3) The stability of La203 was related to the slightly higher melting point of the oxide as well as of its oxy-tungstate compounds. Also, there is reasonable compensation between the migration and the vaporization rates. (4) According to the higher melting point of Y203 as well as of its tungstate or oxytungstate and the shape of the tungsten grain boundaries, which exhibits granular shape by recrystalization, the migration rate along the grain boundaries takes much more time to reach the electrode tip or surface.
These results reflect the importance and predicted benefits which can be gained when three types of rare earth metal oxides were mixed. [Tungsten electrodes activated with three combined additives]
The macrostructures of these electrodes comparing with that of W-La203 electrode are shown in Fig.5 . It is obvious that Type R ( La203:Ce02:Y203 =1:1:3 ) electrode has high concentration of oxide remained after operation (gray area), while W-La203 showed high consumption rate of oxide. The most favorable mechanism for the stabilization of rare earth metal oxides inside the electrode was considered as follows; the presence of Y2O3 encourages the recrystalization of tungsten grains and changes its shape from longitudinal to granular. Thus the migration of both La203 and Ce02 are retarded, leading to high stability.
Moreover,the mixing ratio ( La203:Ce02:Y203 = 1:1:3 ) achieved good compromization between the arc production, high durability, stability of oxides and acceptable resistance to the rim formation, and showed lower consumption. The presence of Y-oxide promotes the recrystalization of tungsten grains and the grain boundaries exhibits granular shape as described above. Thus the migration of both La-oxide and Ce-oxide are retarded, leading to high stability. The mixing ratio 1:1:3 should achieve a good compromization among arc characteristic, durability and stability of oxide. Figure 6 shows the surface temperature distributions along the electrode axis after 30min from arc start in Argon at 150A in case of tungsten activated with single additives. The temperature distribution along the electrode axis was measured using an infrared thermometer5) . It can collect the infrared radiation of 1.8-5.0 micrometers in wavelength from the spot area of 0.65mm in diameter. In order to avoid the error introduced by the emissivity change, which comes from the changes in surface morphology and oxide distribution, an extremely narrow V-shape groove were machined on the electrode surface and it was filled with graphite powder whose emissivity was well known as 0.97. The effect of inserted graphite on the measured temperature and electrode current density within the sensible limits was assessed and found out not to alter the general trend of results. It is obvious that W-La203 electrode has the lowest temperature. For the electrodes activated with three oxides, similarly Type R showed the lowest temperature. Figure 7 shows the appeared current density and work function as a function of arc current. The electrode of lowest temperature have the lowest work function. ( 2.4m dia., Ar, Smin )
. . 4 ELECTRODE TEMPERATURE AND WORK FUNCTION
CATEODE MATERIALS FOR OXIDIZING ATMOSPHERE APPLICATION
For non-thermionic cathode materials, the existence of oxygen in atmosphere may assist the continuous formation of stable cathode spot. If the intense jet of cathode materials at the spot is needed to sustain the discharge mechanism, the non-thermionic cathode arc discharge is substantially related to cathode erosion.
On the other hand, in case of thermionic cathode, the oxygen will accelerate the electrode consumption severely, comparing with that in inert atmosphere. Its mechanism is not clear so far.
As the cathode materials of plasma cutting torch, which generates the air-plasma in transferred arc mode, pure metals like Hf and Zr, mounted in copper sheath, have been widely used, presumably due to their comparatively high melting points, formation of stable oxides and so on. However the life time of those cathode is insufficiently low, thus, this investigation was directed towards the development of other new electrode materials for air plasma torch.
MATERIALS AND EXPERIMENTAL PROCEDURES
It seems to be reasonable to produce the cathode material for air plasma cutting torch, with combined system of refractory metals and low work-function oxides. However, it is very difficult to obtain the dense material without pore in the case of high content of oxide. After the preliminary experiments on sintering of various materials combination, some kinds of electrode ware produced6).
Ru-Y203 and Re-Y203 system are examined, after sintered in pure hydrogen atmosphere at 2373K for 30min and mounted into copper sheath. The measured density of the sintered material was ranging from 90 to 95% of the theoretical one. The size of-the material is 1.6mm in diameter and 5mm in length, and the outer diameter of copper sheath is 4mm. Current is 25A in almost cases, and transferred arc is applied with water cooled copper anode.
Erosion was defined as the weight loss of the cathode. 
CONSUMPTION TEST
Cathode consumption was compared among the commercially used H£, produced Zr, Ru-Y203 and Re-Y203 electrodes as a function of operating arc time at 25A in air. The experimental results are shown in Fig.8 . It is obvious that Ru-Y203 system is a superior electrode materials among the all materials experimented. This good erosion resistance of Ru-Y203 electrode is considered due to the reduction of heat damage on the electrode because Y2O3 acts as a good electron emitter and Ru has high thermal and electrical conductivities. Ru-Y203 system showed a extremely low consumption in the Y203 content ranging from 5% to 30%, particularly at around 15%, for 0.3ks at 25A arc test. Re-Y203 system also showed similar tendency of the suitable range of Y2O3 content.
Consumption test using periodic current was also made, and it showed the erosion at arc-starting stage is much higher than that of continuous arc stage. The electrode weight loss increased with increasing the periodicity even in the same cumulative arc time. In the test, superiority of Ru-Y203 system was also confirmed. Figure 9 shows the appearance of electrode surface after test. In Hf and Zr electrodes oxide is formed and thick oxide layer covers the surface, while such thick oxide layer can be observed in Ru-Y203 electrode.
DISCUSSIONS
Generally the cathode arc root (cathode spot) is fixed with sufficient supply of oxygen. As an example, iron cathode spot can be stabilized by the addition of very small amount of oxygen to the inert gas atmosphere. The iron is melted due to concentrated heat input but oxygen content solved in the molten iron dose not increase, as far as the mount of atmospheric oxygen is hold in extremely low but sufficient level to stabilize the spot movement. When the amount of oxygen included in argon atmosphere is increased, the excess oxygen solves into the molten iron.
In the cases of Hf and Zr cathodes, gaseous and ionized oxygen will impinge to the cathode surface and form the oxide there which are stable at high temperature and have high melting points. If they are formed around the spot, they will grow into thick oxide layer and protect the surface from erosion. However, at the spot, the oxide layer acts as an emitting site of electron (arc root) and is destroyed repeatedly. Namely, reforming and destruction of oxide layer occurs simultaneously at the spot, thus the balance between destruction and reforming will determine the size or thickness of oxide formed at the spot area, and consequently it must provide decisive effect on the erosion. Schematic illustration of air plasma cathode spot.
In the case of Ru-Y203 or Re-Y203 system, as shown in F i g . 1 0 , comparatively stable oxide Y2O3 works as an good emitter and it might delay the formation or vaporization of Ru-oxides, or the Ru-oxide may be easily molten and evaporate gently. Noting that the mixing ratio between Ru-Y203 represents the best range of the ratio, because with increasing the Y203 content the production process becomes more difficult and electrode suffer from high porosity content.
It can be concluded from the trends exhibited that the Ru-Y203 system provided some new aspects to develop more durable electrode for air plasma processing.
The main conclusions drawn from the experimental data are as follows: (1) Tungsten electrodes activated with a single and combined additives of rare earth metal oxides, such as La203,Y203 and CeOp, are produced and compared with pure and thoriated tungsten electrode conventionally used, from the point of view of electrode consumption and deformation due to heavy loading, behavior of oxide during arc burning, etc. The results indicated excellent durability and properties of the newly developed electrodes than that of the conventional one.
(2) Concerning to the cathode materials for air plasma cutting torch, the consumptions of Re-Y203 and Ru-Y203 electrodes were compared with those of Hf and Zr electrodes which have been widely used. Ru including 10-35wt% Y203 showed lower consumption rates rather than Hf and Zr electrodes in the continuous and periodic operations.
